The APSES protein family includes important transcriptional regulators of morphological processes in ascomycetes. We identified a deletion mutant of the APSES protein Mstu1 in Magnaporthe grisea that showed reduced conidiation and mycelial growth. Mstu1 formed a number of appressoria comparable to the wild type, although appressorium formation was delayed. In M. grisea, rapid transfer of conidial glycogen and lipid droplets to incipient appressoria is required for appressorial turgor generation, which the fungus uses to penetrate plant cuticles. Appressorial turgor was low in mstu1 and the mutant was deficient in appressoriummediated invasion of rice leaves. The transfer of conidial glycogen and lipid droplets was remarkably delayed in mstu1, and a consequent delay in degradation of these conidial reserves was observed. Our results indicate that Mstu1 is required for appressorium-mediated infection due to its involvement in the mobilization of lipids and glycogen.
The APSES protein family includes important transcriptional regulators of morphological processes in ascomycetes. We identified a deletion mutant of the APSES protein Mstu1 in Magnaporthe grisea that showed reduced conidiation and mycelial growth. Mstu1 formed a number of appressoria comparable to the wild type, although appressorium formation was delayed. In M. grisea, rapid transfer of conidial glycogen and lipid droplets to incipient appressoria is required for appressorial turgor generation, which the fungus uses to penetrate plant cuticles. Appressorial turgor was low in mstu1 and the mutant was deficient in appressoriummediated invasion of rice leaves. The transfer of conidial glycogen and lipid droplets was remarkably delayed in mstu1, and a consequent delay in degradation of these conidial reserves was observed. Our results indicate that Mstu1 is required for appressorium-mediated infection due to its involvement in the mobilization of lipids and glycogen.
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Magnaporthe grisea is the causal agent of rice blast disease, which causes devastating damage to worldwide rice production. Infection begins with the attachment of a fungal conidium to the surface of a rice leaf. This process triggers deformation of the tip of the germ tube, leading to the development of an appressorium, an infectious stage-specific structure. Conidial reserves, such as glycogen and lipids, are transferred to an incipient appressorium, where they are degraded and synthesized into glycerol, which accumulates to high levels to generate turgor pressure. [1] [2] [3] At maturity, an appressorium is dome-shaped and is covered by a layer of melanin, which is perhaps generated from lypolytic products of conidial lipids, to prevent leakage of the accumulated glycerol. [4] [5] [6] [7] [8] The fungus uses the appressorial turgor to penetrate the plant cuticle and invade the cells.
2) A penetration peg is formed at the base of the appressorium. A few days after the infection event, colonization of plant cells by the fungus can be observed as lesions on the surface of rice leaves; within the lesions, abundant conidia are produced for the next infection cycle.
APSES proteins are fungal transcription factors with highly conserved basic helix-loop-helix (bHLH) DNA binding domains. 9) The founding members of the APSES proteins (Asm1, Phd1, Sok2, Efg1, and StuA) are known to regulate fungal development during the asexual and sexual stages. In Saccharomyces cerevisiae, APSES proteins Phd1 and Sok2 respectively regulate pseudohyphal growth as activator and repressor. 10, 11) Sok2 also functions as a negative regulator of meiosis. 12) In the case of Candida albicans, APSES proteins Efg1 and Efh1 are involved in the control of a morphological switch. Specifically, Efg1 controls induction of hyphal growth, white-opaque switching and chlamydospore formation, [13] [14] [15] and Efh1 supports the regulatory function of Efg1. 16) In ascomycetes, the functions have been reported for several APSES proteins, including StuA in Aspergillus nidulans, Aspergillus fumigatus, and Penicillium marneffei, Asm1 in Neurospora crassa [17] [18] [19] [20] and FoStuA in Fusarium oxysporum.
21) Deletion mutants of StuA in A. nidulans, A. fumigatus, and P. marneffei are defective in conidiation and in conidiophore and sterigmata development. 19, 20, 22, 23) In stuA deletion mutants, conidia bud directly from vesicles in A. nidulans and from stalks in P. marneffei. In the stuA deletion mutant of A. fumigatus, conidiophores are morphologically abnormal and conidia are often borne directly from vesicles formed on the tips of the mycelia. 20) The stuA mutant of A. nidulans is self-sterile and fails to produce sexual reproduction-related structures. 23) In N. crassa, the deletion mutant of ASM1 develops shortened conidiophores and shows slow germination and mycelial growth rates. Similarly to stuA in A. nidulans, female organ production is abolished in asm1. 18) In F. oxysporum, the fostuA mutant shows increased chlamydospore formation, but fails to develop terminal phialides and conidiophores; FostuA is indispensable for pathogenicity. 21) In this report, we present results of the characterization of Mstu1, an APSES protein of M. grisea. Our results indicate that Mstu1 is important for pathogenicity and asexual development. Our cytological studies indicate that Mstu1 is required for efficient mobilization of conidial reserves during appressorial turgor generation in M. grisea.
y To whom correspondence should be addressed. Tel: +81-29-838-8461; Fax: +81-29-838-7408; E-mail: marie@affrc.go.jp
Material and Methods
M. grisea strains and growth conditions. The M. grisea strains used in this study are listed in Table 1 . Oatmeal agar medium (3% ground oatmeal, 0.5% glucose, and 1.6% agar) was used to maintain the M. grisea strains. To induce conidiation, the strains were grown on oatmeal agar medium under constant fluorescent illumination at 25 C. DNA extraction was performed as described by Kito et al., 24) using mycelia that had been grown for 4 d in 5Â YG liquid medium (0.5% yeast extract, 2% glucose) at 25 C and shaken at 120 rpm. The number of conidia produced on oatmeal agar plates was determined after incubation for 12 d. Growth rates were determined by measuring the diameters of colonies formed by monoconidial cultures on oatmeal medium after incubation for 7 d at 25
C. All the M. grisea strains used in this study were desiccated and stored at À20 C after 7 d of growth on filter paper placed on oatmeal medium.
Molecular manipulation of DNA. DNA of candidates of MSTU1 deletion mutants was extracted by a mini-prep procedure modified from that described by Wen et al., 25) and subjected to a PCR screen. Briefly, approximately 1 mg of fresh mycelia grown on oatmeal medium in the dark was collected and ground in 10Â TE (100 mM Tris-HCl, 10 mM EDTA, pH 8.0) with zircon beads using a Micro Smash disruptor (Tomy, Tokyo). The extracted DNA (1 ml) was used for PCR amplification in 20 ml of reaction mixture. Southern analyses and gene cloning were performed using fungal DNA extracted by the CTAB method, as described by Kito et al. 24) Plasmid DNA was isolated by the Wizard Plus SV miniprep system (Promega, Madison, WI). DNA sequencing was performed using the BigDye terminator sequencing kit (Applied Biosystems, Tokyo) and ABI 4100 sequencer (Applied Biosystems). The sequences of all of the constructs used in this study were confirmed by DNA sequence analysis. Southern blot analysis and enzymatic manipulation of DNA were performed as in Sambrook et al. 26) Homology searches for DNA and protein sequences were performed with the BLAST programs against a public database (http://www.ncbi.nlm.nih.gov). 27) DNA sequences were analyzed with the Genetyx program v. 6.0 (Genetyx, Tokyo).
MSTU1 gene replacement. The 1.2-kb 5 0 flanking region of MSTU1 was amplified by PCR with primers F1Bg (gaagatcttctacctgcctcctccttctca) and R2Bm (cgggatcccgtgaattcgcagattgtcctg), and the 3 0 flanking region with F3Bm (cgggatcccgatcaaccccttttcgaacc) and R4Bm (cgggatcccggaatgacctcccaatgtcgt). The hygromycin phosphotransferase (HPH) gene was amplified from pCB1003 with PCR primers hphF1-Bg (gaagatcttcgctggagctagtggaggtcaacacatcaat) and hphR1-Bm (cgggatcccggtcggcatctactctatt), and cloned into pGEM-T vector (Promega). 28) We named this plasmid carrying the amplified HPH gene pHPH-1. To generate the MSTU1 knockout cassette pKOMSTU1, the amplified 5 0 flanking region of MSTU1 was ligated to the BglII site in pHPH-1, and the amplified 3 0 flanking region was ligated to the BamHI site. The pKOMSTU1 cassette was introduced into wild-type strain Guy11 by PEG methods. 24, 29) The MSTU1 knockout clones were first screened with PCR primers F5 (cccttttcgtccacaacat) and R6 (tcgtacgtcctgctatcgtg), and were further analyzed by Southern hybridization to confirm the gene replacement event. Probe 1 (Fig. 1A) was amplified with primers F5 and R6, and probe 2 ( Fig. 1A ) with primers hphF2 (aactcaccgcgacgtctgtc) and hphR2 (ttgtccgtcaggacattgtt). For complementation of MSTU1 deletion mutants, a 5.9-kb DNA fragment amplified from genomic DNA using primers FL-F1 (gggtgtgaggcgaaggcagcgggag) and FL-R1 (gcagggttaagctacaaggctaaggtagg) was cloned into the pGEM-T vector and named pFLMSTU1. For complementation tests, pFLMSTU1 was co-transformed into the mstu1 mutant with pBF101, a plasmid carrying blasticidin S deaminase, as described by Kimura et al.
30)
Germination, appressorium formation, and penetration assays. To observe germination and appressorium formation, 30 ml of M. grisea conidial suspension (1 Â 10 5 /ml conidia in distilled water) was dropped onto plastic cover slips and incubated at 25 C. More than 100 conidia were observed in each assay, and these assays were independently repeated more than 3 times. To test penetration ability, a 30-ml M. grisea conidial suspension drop (1 Â 10 5 /ml conidia) was placed on heat-killed onion epidermal strips and incubated for 36 h at 25 C. More than 50 appressoria were observed in each assay, and these assays were independently repeated at least 3 times. Conidia collected from a colony grown for 7 d on oatmeal medium were used in the above assays. Microscopic analysis applied the differential interference contrast (DIC) optics of the DMIRB system (Leica Microsystems, Wetzlar).
Inoculation assays. Four-leaf seedlings of rice cultivar LTH (2-3 weeks old) were used in infection assays. LTH does not carry any known resistance genes towards M. grisea, and thus is susceptible to Guy11 and 70-15. We applied three inoculation methods to observe the pathogenicity of the fungus: a spray inoculation assay was used to test its appressorium-mediated ability to invade intact plant cells, and injection and punch innoculation assays were used to test its ability to invade plant cells through wounds on leaves. In spray inoculation assays, rice seedlings were sprayed with 10 ml each of M. grisea conidial suspension (2 Â 10 5 /ml). In injection assays, a conidial suspension (2 Â 10 4 /ml) was injected into expanded rice leaves. In punch inoculations, conidia were inoculated on rice leaf wounds produced with a hole puncher. Briefly, a rice leaf was gently pressed with a puncher to create a wound. A 2-mm 2 agar piece (2% agar in distilled water) carrying approximately 200 conidia was placed on the wound of the rice leaf; and the surface coated with the conidia was placed in contact with the wound. Inoculated rice plants were incubated in a dew chamber for 24 h and then moved to a greenhouse. The plants were observed for lesion formation 7 d after inoculation. Inoculation assays were repeated independently 6 times. Conidia collected from a colony grown for 7 d on oatmeal medium were used in all inoculation assays.
Crossing and ascospore isolation. Crosses were carried out by pairing two opposite mating type strains on oatmeal agar at 20 C under fluorescent light for approximately 3 weeks. To determine the fertility of the engineered mutants, highly fertile strain 3986-R45 (MAT1-1) was used for crossing. 31) Cytological analyses. Seven-d-old conidia were used in all cytological studies. Conidial suspensions (30 ml of 5 Â 10 4 /ml conidia in distilled water) were placed onto plastic cover slips and incubated to allow them to form appressoria. After incubation, the samples were gently washed with distilled water and stained. Glycogen reserves were stained with I 2 /KI solution (I 2 1 g, KI 5 g in 100 ml distilled water) following the method described by Thines et al.
3) I 2 /KI-stained glycogen in the conidia and appressoria gave a brownish-red color when examined under the bright-field optics of the DMIRB system. For lipid staining, a conidial solution was placed on cover glass (Matsunami, Osaka) to produce appressoria. Lipids in the conidia and appressoria were stained with Nile Blue A solution, as described by Ganger et al. 32) Briefly, cover slips were soaked in 1% aqueous Nile Blue A solution and incubated at 65 C for 30 min. After incubation, the cover slips were soaked in 8% acetic acid for 1 min and then rinsed with distilled water. Lipids were visualized under the fluorescence optics of the DMIRB system fitted with a Y3 filter (excitation BP 535/ 550 nm, 565 nm dichroic mirror, suppression filter 610/75 nm). Because the melanin layer of the appressorium might have interfered with lipid fluorescence, 3, 33) samples were treated with tricyclazole (Wako Pure Chemicals, Osaka), a melanin biosynthesis inhibitor, at a final concentration of 10 mg/ml, a concentration that did not affect appressorium formation in M. grisea. For these cytological analyses, more than 70 conidia on cover slips were observed for each assay, and the course of the assays was repeated 3 or more times.
Cytorrhysis assay. Cytorrhysis assays were performed as described by Howard et al. and Dixon et al. 5, 34) Briefly, 30-ml conidial suspensions (1 Â 10 5 /ml distilled water) were placed on plastic coverslips to induce appressorium formation. After 48 h of incubation, the coverslips were gently rinsed with distilled water and soaked in glycerol solutions (1 M to 4 M) for 10 min. The percentage of collapsed appressoria at each glycerol concentration was determined using the DIC optics of the DMIRB system. More than 90 appressoria on each cover slip were observed in each assay, and the course of the assay was repeated 3 times.
Results

Isolation of MSTU1 deletion mutants
Four genes (MGG00692.6, MGG01688.6, MGG08463.6, and MGG09869.6) that encode proteins with a putative APSES DNA binding domain were found in the M. grisea annotated genome database (http://www.broad.mit.edu). Among these four APSES proteins, only one was phylogenetically categorized into a group of proteins that included StuA and other previously studied APSES proteins when analyzed by the ClustalW program (data not shown). 35) We named that gene MSTU1 (MGG00692.6, DDBJ accession no. AB218802).
An mstu1 deletion mutant was produced by replacing MSTU1 with pKOMSTU1 by homologous recombination (Fig. 1A) . We generated mstu1 mutants from two wild-type strains (Guy11 and 70-15). The pe1, fa1, and fa2 mutants were generated from Guy11, and mh63 was generated from 70-15. Tr24, a complemented strain of mstu1, was generated by introducing pFLMSTU1 carrying the wild-type MSTU1 gene to pe1. When hybridized with a probe corresponding to 0.7 kb from the MSTU1 gene (probe 1), a 9.6-kb DNA band was observed in wild-type strains Guy11 and 70-15, and the ectopic mutant fa2, and 11.5-kb DNA bands were observed in tr24 (Fig. 1B) . In the mstu1 mutants pe1, fa1, and pe63, no DNA band was detected (Fig. 1B) . When the same blot was stripped and hybridized with a probe corresponding to the HPH gene (probe 2), a 5.1-kb DNA band was observed in pe1, fa1, mh63, and tr24 and a 5.4-kb band in fa2, but no band was observed in Guy11 or 70-15 (Fig. 1B) . Hence, we concluded that the MSTU1 gene was successfully replaced by pKOMSTU1 in the mstu1 mutants, pe1, fa1, and mh63.
Mycelial growth, conidiation, and fertility in MSTU1 deletion mutants
When grown on oatmeal agar medium under constant illumination, wild-type strain Guy11 produced abundant conidia after a 7-d incubation period (Fig. 2, Table 2 ). Under the same growth conditions, mstu1 mutants pe1 and fa1 were delayed in mycelial growth and produced a greatly reduced number of conidia as compared to those in isogenic wild-type strain Guy11 (Fig. 2, Table 2 ). The mycelial growth rates and numbers of conidia of mstu1 complemented strain tr24 and ectopic mutant fa2 were similar to those of Guy11 (Fig. 2, Table 2 ). Mh63, the mstu1 mutant, was reduced in conidiation and mycelial growth as compared to the isogenic wild-type strain 70-15 (Fig. 2, Table 2 ). The conidiophore devel- opmental patterning and conidial morphology in these mstu1 mutants were similar to that of the wild type, but the number of conidiophores that developed from vegetative mycelia was reduced (data not shown). Fertility was examined by crossing highly fertile wildtype strain 3986-R45 (MAT1-1) to mstu1 (fa1: MAT1-2) and to wild-type strain (Guy11: MAT1-2) as a control. When crossed, 3986-R45 and Guy11 both functioned as male and female, producing abundant perithecia on both sides of the crossing zone of these strains (Fig. 3) . When fa1 was crossed with 3986-R45, abundant perithecia formed on the side of 3986-R45, and a few formed on the side of fa1 (Fig. 3) . Thus mstu1 was both male and female fertile. Ascospores isolated from the peithecia were viable. Progeny that were hygromycin-resistant showed mstu1 phenotype, while those not hygromycinresistant showed the wild-type phenotype (data not shown).
The mstu1 mutant was defective in rice-leaf penetration
To test the infection ability of the mstu1 mutant, spray inoculation assays were performed in which conidial suspensions were sprayed on leaves of susceptible rice cultivar LTH, and the rice plants were incubated in a dew chamber for 24 h. Five d after incubation, the mstu1 mutants (pe1, fa1, and mh63) failed to form lesions, while the wild-type strains (Guy11 and 70-15), the ectopic mutant (fa2), and the complemented mstu1 strain (tr24) formed abundant lesions (Fig. 4A) . When barley leaves were used in a spray inoculation assay, the mstu1 deletion mutants failed to form lesions, while the wildtype strains, tr24 and fa2, formed abundant lesions (data not shown). Since all the mstu1 mutants were similar with regard to defects in conidiation, mycelial growth, and pathogenicity, we used fa1 and its isogenic strains (tr24 and Guy11) for further analysis. To examine invasive growth ability, punch inoculation assays were performed with fa1 (mstu1) and wild-type strain Guy11. In these assays, conidial suspensions were delivered to a wound, made by a puncher, on LTH leaves. In contrast to the results of spray inoculation of mstu1 mutants (Fig. 4A ), lesions were observed on wounded rice leaves incubated with fa1 conidia (Fig. 4B) . When conidial suspensions of Guy11 and fa1 were injected into the rice leaves by needle, lesions were also observed (data not shown). These results suggest that penetration ability into intact rice leaves was greatly reduced in mstu1, although the mutant retained the ability to grow invasively in plant cells. The penetration ability of the mutant was further tested with heat-killed onion epidermal cells which are softer than those of rice leaves. In Guy11, invasion into plant cells via appressoria was observed in 40:5 AE 5:9% of the appressoria after 36 h of incubation (Table 3) . At the same time, an invasion event was observed in 4:8 AE 3:5% of fa1 appressoria ( Table 3 ). The ratio of infectious hyphae that developed from tr24 appressoria was 42:2 AE 10:7%, comparable to Guy11 after 36 h of incubation (Table 3 ).
An Mstu1 deletion mutant was delayed at the early stage of appressorium formation
A conidial suspension of Guy11, fa1, or tr24 was dropped onto plastic cover slips to observe appressorium formation. The conidial germination rates of fa1 and tr24 were comparable to that of Guy11 (data not shown). In contrast, appressorium formation was delayed in fa1 Guy11, fa1 (mstu1), pe1 (mstu1), fa2 (ectopic), tr24 (complemented mstu1), 70-15 (wild type, WT), and mh63 (mstu1) were grown on oatmeal agar plates for 7 d under constant illumination. even at 12 h of incubation (Table 4 ), but after 24 h of incubation, fa1 formed comparable numbers of appressoria to the wild type. In tr24, no delay in appressorium formation was observed as compared to the wild type (Table 4) .
Appressorial turgor was low in mstu1
In M. grisea, a high concentration of glycerol is accumulated in mature appressoria, and the generated appressorial turgor is used to penetrate plant cuticles. 2, 5, 6) Based on the results of our rice inoculation and onion epidermis penetration assays, we hypothesized that the mstu1 mutant is defective in penetration due to insufficient turgor in appressoria. To estimate the internal turgor of the appressoria, we used a cytorrhysis assay in which appressoria were soaked in a glycerol solution of known concentration. Collapse of the melanized appressoria or plasmolysis of non-melanized appressoria occurs when the intracellular pressure of the appressorium is lower than osmotic pressure of the solution. 2, 34) We used appressoria incubated on plastic cover slips for 48 h for the cytorrhysis assay. Our results showed that 3.0 M glycerol collapsed approximately 50% of the appressoria in wild-type strain Guy11 and tr24 (Fig. 5) . In contrast, in approximately 45% of the fa1 appressoria, collapse or plasmolysis was observed A, Results of spray inoculation assays. Distilled water (control) and conidial suspensions of the wild-type strains (Guy11 and 70-15), the mstu1 deletion mutants (fa1, pe1, and mh63), the ectopic mutant (fa2), and mstu1 complemented with the wild-type MSTU1 (tr24) were sprayed onto the leaves of susceptible rice cultivar LTH. Sprayed rice leaves were incubated at 20 C in a dew chamber for 24 h and then transferred to a greenhouse. After 24 h of incubation in the dew chamber followed by 5 d of growth in a greenhouse, typical blast lesions were observed on leaves inoculated with Guy11, 70-15, fa2, or tr24, whereas none were observed with fa1, pe1, or mh63. B, Results of a punch inoculation assay. Conidia of Guy11 and fa1 placed on the wound formed lesions on LTH leaves, and the rice plants were incubated at 20 C in a dew chamber for 24 h and then transferred to the greenhouse. Representative images of fourth leaves of rice plants inoculated with each fungal conidial suspension are presented. All the photos were taken 5 d after the plants were transferred to the greenhouse. only in 1.0 M glycerol solution (Fig. 5) . These results indicate that appressorial turgor is low in fa1 compared to the wild type.
Glycogen and lipid mobilization were retarded in mstu1
During appressorium development, conidial glycogen and lipids are transferred from conidia to appressoria, where they are degraded and used in the generation of appressorial turgor. 1, 3) Since fa1 failed to generate high turgor in appressoria, we determined whether the mobilization or degradation of glycogen and lipids was delayed in fa1. After 8 h of incubation, glycogen was observed in 84:7 AE 10:6% of the conidia in fa1, while it was observed in 68:6 AE 9:9% of Guy 11 and 66:3 AE 5:2% of tr24 conidia (Fig. 6A) . At the same time, the ratio of appressoria that contained glycogen exclusively was 15:8 AE 8:8% in fa1, 29:4 AE 11:1% in Guy11, and 30:0 AE 4:9% in tr24 (Fig. 6B) . After 12 h of incubation, glycogen was observed in 69:9 AE 10:2% of fa1 conidia, 26:9 AE 4:3% of Guy11, and 35:4 AE 8:3% of tr24 (Fig. 6A) . At the same time, it was observed in approximately 60% of Guy11 and tr24 appressoria, but in only 30:0 AE 10:2% of fa1 (Fig. 6B) . After 24 h of incubation, glycogen transfer was complete in approximately 95% of the conidia in Guy11 and tr24, but in only 60:3 AE 9:0% of the conidia in fa1 (Figs. 6A, 8) . At the same time, glycogen was degraded in approximately 70% of Guy11 and tr24 appressoria, but in only 4:6 AE 3:0% of those belonging to fa1 (Figs. 6A, B, 8) . These results indicate that glycogen transfer occurs more slowly in fa1 than in Guy11 or tr24, and that consequently degradation of glycogen was greatly delayed in fa1. With prolonged incubation (48 h), glycogen degradation was observed in >80% of fa1 appressoria (data not shown). Lipid mobilization was also slow in fa1 as compared to the wild type (Figs. 7A,  B, 8) . After 8 h of incubation, lipid droplets were observed in 100% of fa1 conidia, while they were observed in 74:4 AE 10:9% of Guy11 and 80:2 AE 5:4% of tr24 conidia (Fig. 7A) . After 12 h of incubation, lipid droplets were observed under transfer in more than 85% of the conidia in fa1, but in 34:4 AE 5:2% in Guy11 and 47:7 AE 1:1% in tr24. At the same time, the ratio of appressoria that contained lipids exclusively was 43:7 AE 11:5% in Guy11 and 31:3 AE 9:0% in tr24, while it was 3:5 AE 3:1% in fa1 (Fig. 7B) . After 24 h of incubation, transfer of lipid droplets was complete in 86:2 AE 7:4% of the conidia in Guy11 and in 75:0 AE 8:1% of tr24, but in only 13:2 AE 3:6% of the conidia in fa1 (Figs. 7B, 8 ).
Discussion
Mstu1 is involved in the regulation of M. grisea asexual development APSES proteins are transcription factors that include many important regulators of fungal differentiation. We cloned and studied the function of an APSES protein, Mstu1, in M. grisea. The previously studied APSES proteins in filamentous fungi are involved in conidiophore development. 18, 19, 21, 23) In M. grisea, an mstu1 deletion mutant developed wild-type conidiophores, but the number of conidiophores was reduced. Deletion of Asm1, the APSES protein in N. crassa, resulted in slow mycelial development. 18) Similarly to asm1, mycelial development was delayed in mstu1 mutants. The APSES proteins are involved in sexual reproduction in some fungal species, such as A. nidulans, N. crassa and S. cerevisiae. 12, 18, 23) In M. grisea, the results of a fertility test indicated that mstu1 mutants retained both male and female functions. In addition, ascospores isolated from the perithecia produced by the crossing mstu1 and wildtype strain 7986-R45 were viable. Thus, unlike other sexual fungal species, Mstu1 was not indispensable for sexual reproduction in M. grisea. In conclusion, Mstu1 is involved in asexual fungal development.
Mstu1 is important for turgor generation in appressoria
Accumulation of glycerol in the appressorium and covering of the surface of the appressorium by a melanin layer are indispensable for appressorial turgor genera- Conidia from the various strains were incubated on plastic cover slips for 48 h to induce appressoria formation. Appressoria were soaked in glycerol solutions of 1 to 4 M, and for percentages of collapsed appressoria were determined. Results represent the mean AE SD of more than three independent experiments. Percentage of appressoria that formed infectious hyphae on heat-killed onion epidermal cells after 24 h of incubation at 25 C. More than 50 appressoria were observed in each experiment. Means and standard errors were calculated from at least three independent experiments. tion, which is essential for plant penetration by M. grisea.
2,4,6,7) During appressorium formation, conidial reserves such as glycogen and lipids are moved from conidia to nascent appressoria, where they are degraded and used in the synthesis of glycerol.
3) Our cytological observations indicate that deletion of Mstu1 resulted in delayed transfer of conidial glycogen and lipid droplets. Together with the results of our cytorrhysis assay, which showed that deletion of Mstu1 prevents the fungus from generating high appressorial turgor, turgor generation was apparently insufficient in mstu1 appressoria due to a delay in mobilization and consequential breakdown of conidial reserves. The results of inoculation assays were consistent with this observation, showing that mstu1 was defective in penetrating plant cells but was able to invade plant cells through wounds. It is likely that mstu1 failed to penetrate plant cells due to insufficient appressorial turgor for plant penetration. Therefore, we conclude that Mstu1 is required for appressorium-mediated infection due to its involvement in turgor generation in appressoria.
The defect in the transfer of lipid droplets in mstu1 was not fully complemented by the introduction of pFLMSTU1. At 12 h after the start of incubation, transfer of lipid droplets was slightly delayed in tr24 as compared to the wild type. Lipid transfer was also slightly delayed in three mstu1 stains supplemented with pFLMSTU1 (data not shown). pFLMSTU1 carries a 5.9-kb DNA fragment, that covers a region 2.2 kb upstream to 1.7 kb downstream of the MSTU1 coding region. It has been reported that full complementation of stuA requires very long upstream sequences of the STUA coding regions: 4,095 bp in A. nidulans, and 3,598 bp in P. marneffei. 19, 36) It is likely that a longer promoter region is similarly required for complementation of mstu1. Analysis of the promoter region of MSTU1 is a future research interest.
Recently, it was reported that GcStuA, an Mstu1 homolog in Glomerella cingulata, a fungal pathogen of Conidial suspensions of the various strains were placed on plastic cover slips and allowed to germinate and form appressoria. The distribution of glycogen during appressorium formation in WT (Guy11, black bars), the complemented mstu1 strain (tr24, white bars), and mutants (fa1, hatched bars) were observed by staining conidia and appressoria with I 2 /KI solution. A, Percentages of conidia that contained glycogen. B, Percentage of germinated conidia that contained glycogen exclusively in the appressoria. Results represent the mean AE SD of triplicate experiments. More than 70 conidia were observed in each experiment. Conidial suspensions of various strains were placed on plastic cover slips and allowed to germinate and form appressoria. The distributions of lipids in the conidia and appressoria during appressorium formation in WT (Guy11), the complemented mstu1 strain (tr24), and mutants (fa1) were observed by Nile Red staining. A, Percentages of conidia that contained lipid droplets. B, Percentages of germinated conidia that contained lipids exclusively in the appressoria. Results represent the means AE SD of triplicate experiments. More than 70 conidia were observed in each experiment.
apples and onions, is required for aerial hyphal development, efficient conidiation, and sexual organ development. 37) Transfer of conidial glycogen and lipids during appressorium formation was normal and the appressoria were melanized in a GcStuA deletion mutant, but for some reason the mutant failed to produce sufficient appressorial turgor for infection.
37) It appears that, in plant pathogens, Mstu1-homologous APSES proteins are required for appressorium-mediated infection, and are not only related to the regulation of fungal development. Cellular distributions of glycogen and of lipid droplets were observed in Guy11, fa1, and tr24 after incubation for 24 h on a cover glass at 25 C. To observe lipid droplets, 10 mg/ml of tricyclazole, a melanin biosynthesis inhibitor, was added to the samples at the start of incubation. Glycogen deposits were red after iodine staining under bright field (BF) optics (left panels). Lipid droplets were observed under bright field (BF) optics (center panels) and epifluorescence optics (right panels) after staining with Nile Red. Transfer of conidial glycogen and lipid droplets was greatly delayed in fa1 as compared to Guy11 or tr24. Glycogen degradation was completed in most Guy11 and tr24 appressoria when glycogen had been transferred from conidia to appressoria in fa1. Bar, 20 mm.
